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Abstract 
1-aminocyclopropane-1-carboxylic acid (ACC) is the precursor of ethylene, a critical 
hormone to many aspects of plant growth, development, and responses to stress. Several 
studies indicate that ACC may act outside of the ethylene biosynthesis pathway in a non-
canonical way as a signaling molecule. Loss-of-function mutations in the EIN2 gene confer 
insensitivity to ethylene. The ein2-5 mutant is insensitive to ethylene in a root elongation assay, 
but displays nearly comparable levels of sensitivity to ACC as wild-type seedlings using a similar 
assay. This, along with other studies, suggests that ACC may act as a signaling molecule to 
regulate plant development. In order to elucidate the elements involved in ACC signaling 
pathway, a forward genetic screen was conducted to identify mutants that displayed insensitivity 
to ACC using an ein2 mutant background. In order to identify mutants, the EMS-mutagenized 
ein2-5 seedlings were grown on media containing high concentrations of ACC. Seedlings that 
displayed the longest roots were selected and propagated into the next generation for further 
testing. From this genetic screen, 26 promising candidate mutants were selected that re-tested 
as ACC-insensitive, and 25 were subjected to whole-genome sequencing in order to determine 
causal single nucleotide polymorphisms (SNPs). Additional morphological and physiological 
analyses were performed on the selected mutants in parallel to mapping by sequencing. 
Identification of genes involved in the response to ACC should help elucidate the ACC signaling 
pathway in plants as well as the role that ACC plays in various aspects of plant development, 
including cell wall synthesis.   
  
Introduction  
Ethylene, first shown to act as a phytohormone in 1901 by Dimitry Neljubow (Neljubow 
1901, in Kim et al., 2012), plays an important role in many aspects of plant development. Its 
biosynthesis is induced by various stresses such as drought, mechanical stress, injury, and 
infection (Kim et al., 2012). Used commercially in many places such as supermarkets and farms, 
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ethylene regulates fruit ripening, thus making various fruits more readily available for purchase 
(Iqbal et al., 2017). Ethylene induces the so-called triple response phenotype by altering the 
morphology of dark-grown seedlings; this includes inhibited root elongation, enhanced radial 
swelling and shortening of the hypocotyl, and an exaggerated curvature of the apical hook. This 
triple response phenotype is critical to plants under mechanical stress and allows the plant shoot 
to bypass physical obstacles during germination (Guzman et al., 1990). Some other roles of 
ethylene in plant development include leaf and fruit abscission, flower opening, and leaf and 
flower senescence (Iqbal et al., 2017).  
The ethylene biosynthesis and signaling pathways have been widely studied, and many 
steps have been elucidated (Yoon and Kieber, 2013). Although the level of ethylene production 
differs among different species of plants and different tissues within the plant, it always occurs in 
a three-step process (Wang et al., 2002) (Fig. 1). First, the amino acid methionine is converted 
to S-adenosyl methionine (SAM) by the enzyme S-adenosyl methionine synthase. SAM is then 
converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC synthase  
(ACS). Finally, ACC is converted to ethylene via the enzyme ACC oxidase (Wang et al., 2002). 
ACC has been used to study ethylene responses in plants, since it can be added to media and 
is more facile than gassing the plants with ethylene.  
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Figure 1. The ethylene biosynthesis pathway occurs in three steps. First, the amino acid methionine is converted to 
S-adenosyl methionine (AdoMet) by the enzyme S-adenosyl methionine synthase. S-adenosyl methionine is 
converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by the enzyme ACC synthase. Finally, ACC is converted 
to ethylene by the enzyme ACC oxidase (from: Yoon and Kieber, 2013).    
  
The ETHYLENE INSENSITIVE 2 (EIN2) protein plays an important role in the ethylene 
signaling pathway. Upon ethylene perception in the ER, the C-terminus of EIN2 is cleaved and 
migrates into the nucleus, where it binds to the transcription factor EIN3 to regulate expression 
of ethylene response genes (Merchante et al., 2013).  Loss-of-function mutations in the EIN2 
gene cause Arabidopsis plants to be completely insensitive to ethylene and therefore display 
long roots in the presence of ethylene (Alonso et al., 1999). Recently, we found that ein2-5 
mutants respond to high levels of ACC (10 µM) but not to ethylene (Fig. 2; Kieber lab, 
unpublished results). When grown in the presence of ACC, ein2-5 seedlings display a short root 
phenotype compared to the control. This suggests that ACC may act outside of the ethylene 
biosynthesis pathway in order to elicit this response in ein2-5.  
  
Figure 2. Ethylene insensitive ein2-5 mutants have short roots when grown in the presence of ACC. Wild type (A, C) 
and ein2-5 (B, D) seedlings were grown for 10 days on control media (A, B) or media supplemented with 10 µM ACC 
(C, D); scale bar - 1.4 cm.   
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Cell walls play an important role in plant cells including pathogen recognition, intercellular 
communication, cell expansion, protection, and maintenance of cell shape (Keegstra, 2010). 
Plant cell walls typically consist of a primary wall, a middle lamella, and a secondary wall in 
some plant tissues (Keegstra, 2010). These layers consist of many different components, 
including pectins, proteins, glycoproteins, hemicellulose, and, importantly, cellulose (Ivakov and 
Persson, 2012). Cellulose, synthesized by large plasma-membrane bound cellulose synthase 
(CESA) complexes, is arranged into microfibrils which provide cells with flexibility while also 
conferring rigidity, allowing the plant cell to maintain its shape and yet still grow and respond to 
environmental changes (Polko et al., 2018, Ivakov and Persson, 2012). The orientation of 
cellulose microfibrils determines the direction of cell elongation and expansion, allowing plants 
to grow in a direction-dependent manner (i.e. anisotropy). Without regular microfibril 
organization, cell elongation and expansion are disturbed, resulting in irregular plant growth 
(Saxena and Brown, 2005). In Arabidopsis, disruption of cellulose biosynthesis results in the 
loss of anisotropy in rapidly expanding cells and leads to cell swelling (Tsang et al., 2011).   
Such loss of anisotropy has been observed in roots of the fei1 fei2 double mutant. FEI1 
and FEI2 are two leucine-rich receptor-like kinases that regulate cell wall function in Arabidopsis 
(Xu et al., 2008). Mutations in the FEI1 and FEI2 genes disrupt anisotropic cell expansion along 
with cellulose biosynthesis (Xu et al., 2008). The fei1 fei2 double mutant exhibits a short, 
swollen root phenotype in the presence of sucrose as a result of decreased cellulose levels (Xu 
et al., 2008). Interestingly, the expansion defect in fei1 fei2 was suppressed by inhibition of ACC 
synthase, but not by disruption of the ethylene signaling pathway (Xu et al., 2008). This 
suggests that ACC may act as a signaling molecule in a novel FEI pathway to regulate cell wall 
function.   
Two fei1 fei2 suppressors, SHOU4 and its paralog SHOU4L, are plasma membrane 
proteins which play a role in cellulose synthesis in plants (Polko et al., 2018). The shou4-3 
shou4l-1 double mutant displays a phenotype consistent with elevated levels of cellulose, such 
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as roots which either lack root hairs or have very few root hairs. Additionally, SHOU4 has been 
found to interact with CESA proteins. Disruption of SHOU4 and SHOU4L results in increased 
levels of CESA proteins at the plasma membrane and increased cellulose in the seed coat 
mucilage, suggesting that SHOU4 proteins regulate cellulose synthesis by regulating the 
trafficking of CESA proteins (Polko et al., 2018).   
  Because it was hypothesized that ACC acts as a signaling molecule in the FEI pathway, 
we performed a forward genetic screen in order to identify EMS-mutagenized ein2-5 seedlings 
which specifically showed insensitivity to ACC. The ACC resistant mutants, acre’s (acc 
resistant), were selected from the M2 generation if they displayed long root phenotypes when 
grown on media containing 10 µM ACC compared to control media. The acre’s phenotype was 
confirmed in the M3 progeny and some were then backcrossed to their parental ein2-5 
background in order to create a mapping population. Whole genome sequencing of the acre 
mutants as well as bulk-segregant sequencing was performed to determine single nucleotide 
polymorphisms (SNPs) causal to ACC insensitivity. Additionally, morphological analyses were 
done on acre mutants to determine the role of ACC in plant development and cell wall synthesis.  
  
Results  
Forward Genetic Screen   
  The main goal of this project has been to identify components of the ACC signaling 
pathway through identifying mutants insensitive to ACC via a forward genetic screen. In order to 
do this, 100,000 ein2-5 Arabidopsis seeds were mutagenized using ethyl methane sulfonate 
(EMS). The mutagenized seeds were grown (the M1 population) in pools of 80-150 plants. 
These M1 plants were self-fertilized, and the resultant M2 seeds then plated and screened for 
insensitivity to ACC using a root elongation assay. This was done by isolating seedlings 
displaying long roots as compared to the ein2 parent on media containing 10 µM ACC. 
Approximately 72 independent lines were selected as candidates through their display of the 
long root phenotype when grown on ACC media. The M3 progeny of these selected M2 
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candidates were re-tested for ACC insensitivity to confirm that the mutants displayed the long 
root phenotype on ACC. These ACC-resistant mutants, which were have named acre (acc 
resistant), were grown on control media for four days and then transferred to ACC media and 
control media. After 3-4 days of growth on ACC and control media the change in root length was 
measured. Ultimately, 26 plants were selected as bona fide acre mutants (Fig. 3).   
  
Figure 3. Results of the forward genetic screen. A. Selected acre mutants display the long root phenotype on media 
containing ACC compared to ein2-5 plants. Seedlings were grown on control media for 4 days, and then transferred 
to control media and media containing 10 µM ACC.  Black marks depict seedling root length upon transfer to different 
treatment groups. B. Root lengths of acre mutants were quantified and normalized to the average root length of 
ein25. From the retesting of the M3 population, 26 candidates were selected as having significantly longer roots than 
ein2-5 and used for further experiments.  
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Morphological Analyses  
To understand the consequences of ACC-insensitivity of the acre mutants and to test 
whether these mutations had any effects on cell wall synthesis, several physiological and 
morphological analyses were performed. First, we examined the root phenotypes of the acre 
mutants and observed that several of them lacked root hairs or displayed short root hairs. Eight 
acre mutants (acre7-2, 20-1, 26-2, 30-1, 39-5, 49-2, 58-2, and 59-3) exhibited roots that were 
not only longer, but also had fewer root hairs as compared to ein2-5 seedlings (Fig. 4A). This is 
reminiscent of the shou4-3 shou4l-1 double mutant that displays roots which either lack root 
hairs or have very few root hairs as a result of cellulose overproduction (Polko et al., 2018). 
Therefore, the root phenotype of acre mutants is consistent with the notion that ACC may 
modulate cell wall synthesis.   
Because isoxaben reverts the root hair phenotype of shou4-3 shou4l-1 that displays 
reduced isoxaben sensitivity, we examined the effects of isoxaben on the roots and hypocotyls 
of acre mutants. Other labs have shown that the effects of isoxaben can be reversed through 
inhibition of ethylene biosynthesis, but not by inhibition of ethylene signaling (Tsang et al., 
2011). This suggests that ACC may play a role in cellulose biosynthesis and has an effect on 
cell wall synthesis. Several acre mutants were grown on control media, and media containing 2 
nM isoxaben. The phenotypes of their roots were then examined under a dissecting scope. 
Sensitivity to isoxaben was seen as roots that displayed a short, swollen root tip phenotype, 
while roots that were insensitive were still long and did not swell in the presence of isoxaben 
(Fig. 4C). Out of six genotypes tested, four (acre10-2, 26-2, 28-1, 32-2) displayed roots which 
were longer and narrower than ein2-5, indicating a reduced sensitivity to isoxaben (Fig. 4C; 
Table S1).   
Additional testing was performed to determine the effect of isoxaben on hypocotyl length 
and width of etiolated seedlings in order to determine if cell expansion was disturbed in tissues 
other than roots. Seeds were allowed to germinate on control media and media containing 2 nM 
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isoxaben. The wild-type response to isoxaben consisted of hypocotyls that were longer and had 
a reduced width as compared to seedlings grown on the control media.  Out of six genotypes 
tested, five (acre7-2, 10-2, 25-3, 26-2, 28-1) were partially insensitive to isoxaben, displaying 
longer and skinnier hypocotyls as compared to the ein2-5 parent, with acre25-3 having a 
particularly hyposensitive response (Fig. 4D; Table S1).   
We also examined the seed mucilage phenotype of the acre mutants as this is often 
indicative of mutants affected in cell wall synthesis. Seed mucilage contains polysaccharides 
and glycoproteins and plays a role in protection from dehydration during seed germination 
(Harpaz-Saad et al., 2012). During imbibition (exposure of seeds to water), this layer expands 
and encapsulates the seed aiding in dispersal and germination (Harpaz-Saad et al., 2012). In 
order to examine the amount of mucilage present on seeds, ein2-5 seeds and 26 acre mutant 
seeds were treated with calcofluor, which stains cellulose in the mucilage. As a result, six 
genotypes displayed an increased fluorescence indicating a higher amount of cellulose 
compared to ein2-5 seed mucilage. We found that some acre mutants displayed both seed 
mucilage defects as well as root hair defects. (Fig. 4, Table S1). These defects in seed 
mucilage, isoxaben sensitivity, and root hair development in acre mutants strongly suggest that 
ACC plays a role in a signaling pathway that modulates cell wall synthesis.  
  
  
10  
  
 
  
Figure 4. Morphological analyses performed on acre mutants. A. Some acre’s display defects in root hair formation. 
B. Increased calcofluor staining suggests elevated levels of cellulose in seed coat mucilage of some acre’s.  C. 
Reduced sensitivity of acre 32-2 root tips to cellulose inhibitor isoxaben. Seedlings were grown on control media and, 
at day 4 post-germination, transferred on either control media or media containing 2 nM Isoxaben and imaged after 2 
days. acre 10-1 displays a short and swollen root phenotype on isoxaben, indicating sensitivity to the inhibitor, while 
acre 32-2 displays a long and skinny root phenotype, indicating a reduced sensitivity to isoxaben. D. Dark-grown 
hypocotyls of acre mutants also display a different phenotype in response to isoxaben. Hypocotyls that showed 
sensitivity to isoxaben were short and wide as seen by ein2-5 grown on media containing isoxaben. Mutants which 
showed a reduced sensitivity to isoxaben displayed a long and skinny phenotype as seen by acre 25-3.   
  
Cellulose Synthase (CESA) Expression Levels   
Our results suggest that ACC impacts cellulose biosynthesis. To begin to dissect the 
mechanisms underlying this, we first examined the level of CESA transcripts in acre mutants. In 
order to test this, RNA was extracted from several acre mutants (acre10-2, 51-1, 7-2, 65-2, and 
30-1), which was then subjected to Real-Time quantitative PCR (RT-qPCR) using primers 
designed to quantify the transcript levels of CESA1, CESA2, CESA3, and CESA4. The change 
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in gene expression was then quantified and compared to relative expression of the genes in 
ein2-5 (Fig. 5). Only acre 65-2 showed a mild up-regulation of CESA1 transcript levels, but 
based on the results, there was no change in CESA expression in the other acre mutants that 
were tested. This suggests that changes in cellulose levels in seed coat mucilage as well as 
defects in root hair formation are not likely to be a result of differences in expression of CESA 
genes.   
  
  
Figure 5. CESA1, 2, 3, and 4 expression levels in acre’s 7-2, 10-2, 30-1, 51-1, and 65-2 compared to ein2-5. 
Seedlings were grown on control media for 4 days and then transferred to media containing 10 µM ACC and control 
media and allowed to grow for 10 days. Relative expression levels were quantified using the delta-delta Ct method 
(Livak and Schmittgen, 2001). Data were tested using a student t-test (asterisk, p < 0.005±SEM. n>10 biological 
replicates).    
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Mapping of acre’s  
To determine the causal genes that confer ACC insensitivity, several candidate acre 
mutants were backcrossed to the parental ein2-5 plants to create mapping populations. First, 
the nature of the mutation (recessive or dominant) was determined by examining the sensitivity 
of the F1 progeny to ACC (Table 1). The F1 seedlings were then allowed to self-fertilize and 
give rise to the F2 progeny that were used for mapping by sequencing. For bulk-segregant 
mapping of each acre, approximately 30 seedlings displaying long roots were selected as the  
“mutant” (“mut”) and approximately 30 seedlings with short roots were considered to be 
“wildtype” (“wt”). The “wt” and “mut” seedlings were pooled and genomic DNA was extracted 
and subjected to whole genome sequencing in order to determine causal SNPs conferring ACC  
insensitivity.    
Table 1. acre’s in the F1 generation and their corresponding genotypes. Seedlings which displayed shorter roots than 
their M3 parental plants on media containing 10 µM ACC were determined to be recessive, while those which 
displayed longer, or the same length of roots as the parental acre were determined to be dominant or semi-dominant.  
Genotypes which could not be determined were due to poor seedling growth.  
acre   Nature of Mutation  
49-2  recessive  
28-1  recessive  
10-2  recessive  
26-2  recessive  
39-5  recessive  
61-3  recessive  
51-1   recessive  
7-2  semi-dominant  
43-3  unable to determine  
30-1  unable to determine  
20-1  recessive  
56-1  recessive  
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Using the mapping populations, six candidate acre mutants (acre 7, 10, 26, 39, 56 and  
61) were subjected to bulk-segregant sequencing. In parallel, 21 acres were sequenced and 
subjected to comparative SNP analysis between independent candidate acres. From the current 
results of the sequencing, three genes were identified as possible determinants of ACC 
insensitivity. We identified four alleles of a previously identified ACC transporter (LHT1, 
AT5G40780) (acre10-2, 20-1, 26-2, and 43-3). Other potential causative genes that we identified 
were DYNAMIN RELATED PROTEIN 2A (DRP2A, AT1G1029) (2 alleles: acre 14-1, 39-5, and 
61-3), and MIDASIN (MDN1, AT1G67120) (two alleles: acre 13-2, 30-1, and 61-3)  
(Table S1). As previous studies indicate that LHT1 is involved in the uptake of ACC (Shin et al., 
2015), it is likely that acre’s 10-2, 20-1, 26-2, and 43-3 are ACC resistant due to the inability to 
transport ACC into the cell. The two other candidate genes, Dynamin-Like and Midasin, need to 
be confirmed as the causative mutations to confer ACC insensitivity in other ways which are not 
due reduced uptake of ACC.   
A follow-up experiment was performed to test whether mutations in MDN1 and DRP2A 
played a role in ACC insensitivity in acre mutants. To test this, T-DNA mutant lines of MDN and  
DRP2A seedlings were grown in the presence of ACC and the ethylene signaling inhibitor 1-
MCP to block the ethylene response. If MDN1 and/or DRP2A were responsible for ACC 
insensitivity, the mdn1-3 and drp2a-3 mutant lines should display a long root phenotype in the 
presence of ACC and an ethylene response inhibitor. However, neither mdn1 nor drp2a mutants 
displayed longer roots in the presence of 1-MCP (Fig. 6) suggesting that mutations in these 
genes are not likely to be responsible for the suppression of root length in acre’s 13-2, 14-1, 
301, 39-5, and 61-3.     
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Figure 6. Root lengths of mdn1 and drp2a in presence of ACC and 1-MCP. mdn1 and drp2a mutants were grown on 
media containing 10 µM ACC for 4 days. Plates were then placed in two desiccators, one with gaseous 1-MCP and 
one control and allowed to grow for 7 days. After 7 days, root lengths were measured and quantified using ImageJ.  
Error bars=SEM, n>10 biological replicates.   
  
Currently, we are analyzing sequencing data from the mapping populations of acre 7, 26, 
39, 56 and 61. Results obtained from these analyses are anticipated to reveal more genes that 
could be causal to ACC insensitivity. Once these genes are identified, additional experiments 
will be done to confirm their causality and determine their precise role in regulating responses to 
ACC.   
  
Materials and Methods  
Seed Sterilization and Plant Growth  
  To sterilize seeds prior to plating, ~200 seeds were incubated in 95% ethanol solution.  
After five minutes the solution was removed and seeds were incubated in the sterilizing solution  
(20% bleach, 0.1% Tween-20 (Fisher Bio reagents)) and rinsed four to five times with distilled 
water.  Once the seeds were sterilized, they were transferred onto media plates. First, seeds 
were taken up into a micropipette tip, and then transferred onto the control media in four rows, 
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getting the individual seeds as close to each other as possible in a straight line. This was 
repeated for all plates, which were then labeled and taped shut. Finally, these plates were 
placed in a dark container and placed in a 4°C room for 2-4 days in order to facilitate 
stratification.   
  Plates were transferred to light and seedlings were grown for 4 days and then 
transferred onto control/ACC media. Control media consisted of MS/MES buffer (Sigma-Aldrich) 
with 1% Gelzan (Sigma-Aldrich) at a pH of 5.6. ACC media was made in a similar way but with 
500 µL of 10 µM ACC added. After 3-4 days growing on the control and ACC media, change in 
root length was measured and recorded. For the 1-MCP experiment, plates were incubated in a 
desiccator with or without 1-MCP (AgroFresh).  
ACC Sensitivity Assay  
  To begin the assay, seedlings grown on control media were transferred to ACC and 
control plates. The transfer was done using thin forceps that do not tear the roots or leaves of 
the seedlings. Upon transfer, the tips of the roots were marked so that change in root length 
could be measured after 2-7 additional days of growth in light. The plates were then scanned 
and change in root length was measured using ImageJ software (Fiji). Finally, a student T-test 
was performed on root length data on control vs ACC media in order to determine if difference in 
root length was significant or not.   
DNA Extraction  
In order to extract DNA from acre mutants, approximately four leaves were cut from each 
seedling and placed in an Eppendorf tube. The tissue was then ground using a Geno grinder 
(SPEX Sample Prep) until it resembled a powder, then frozen in liquid nitrogen. To begin the 
extraction, an extraction buffer consisting of 2% Centrimonium bromide (CTAB) (Sigma-Aldrich) 
was added to each Eppendorf tube and heated at 60°C. After 30 minutes, chloroform was 
added, and each Eppendorf tube was vortexed and centrifuged for 5 minutes. The supernatant 
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was extracted and transferred to new Eppendorf tubes, leaving behind the lower layer of liquid. 
Isopropanol was added to the new Eppendorf tubes and then centrifuged for 5 minutes. The 
pellet was then washed with 70% ethanol and ammonium acetate (NH4Ac) (Sigma-Aldrich) and 
centrifuged for 5 minutes. The ethanol was then removed and the pellet was dissolved in 
RNnase A (ThermoFisher) and incubated for 30 minutes at 50°C. Next, 3 M Sodium Acetate 
(NaAc) (Sigma-Aldrich) and isopropanol were added and centrifuged for 5 minutes. Finally, the 
pellet was washed with 70% ethanol, allowed to dry, and dissolved in water.   
RNA Extraction  
In order to extract RNA from acre mutants, approximately four leaves were cut from each 
seedling and placed in an Eppendorf tube. The tissue was then ground using a Geno grinder 
(SPEX Sample Prep) until it resembled a powder, and then frozen in liquid nitrogen. To begin 
extraction, RNAzol RT (Sigma-Aldrich) was added to each Eppendorf tube along with water. 
This mixture was shaken and stored for 15 minutes at room temperature. The tubes were then 
centrifuged for 15 minutes, and the upper supernatant was transferred to a new Eppendorf tube. 
Next, 4-bromoanisole (Sigma-Aldrich) was added, and the tubes were shaken and centrifuged 
for 10 minutes at 4°C. The upper supernatant was again isolated and transferred to a new 
Eppendorf tube. Next, Glycoblue (BioLabs) and isopropanol were added, and the tubes were 
precipitated overnight at 4°C. Following overnight incubation, the tubes were centrifuged for 30 
minutes at 4°C, and the pellet was washed with 75% ethanol. The pellet was then dried and 
dissolved in water.   
cDNA Synthesis  
To synthesize cDNA, 1 µg of extracted RNA was inserted into a microfuge tube, along 
with an oligo DT primer (BioLabs) and water. This sample was then denatured at 65°C for 5 
minutes and then placed on ice. Next, Protoscript II Reaction Mix and Protoscript II Enzyme mix 
(BioLabs) were added to each microfuge tube. The samples were then placed in a PCR 
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machine (Appliedbiosystems) where the cDNA was incubated at 42°C for one hour to allow 
cDNA synthesis, followed by a 5-minute enzyme inactivation period at 80°C.  
Quantitative PCR (qPCR)  
To perform qPCR, a master mix was prepared containing PowerUp SYBR Green Master 
Mix (Appliedbiosystems), forward and reverse primers, and nuclease free water. 1 µg of cDNA 
was added to each microfuge tube, along with the appropriate amount of master mix. The 
microfuge tubes were then sealed and centrifuged to eliminate air bubbles. The plate was then 
inserted into a qPCR machine (Appliedbiosystems) and results were quantified using the 2-ΔΔCT 
method (Livak and Schmittgen, 2001).  
  
Isoxaben Treatment  
For isoxaben treatment of roots, seeds were first grown on MS/MES media containing 
1% sucrose. These seeds were allowed to germinate, and then the seedlings were transferred 
to media containing either 0.1% ethanol as a vehicle control, or 2 µM isoxaben (Sigma-Aldrich). 
Seedlings were grown on either control or isoxaben media for 24 hours, and then the roots were 
analyzed under a dissecting scope (Leica). For isoxaben treatment of hypocotyls, seeds were 
grown on MS/MES media containing 1% sucrose with 2 µM isoxaben. Control groups were 
grown on MS/MES media containing 1% sucrose and 0.1% ethanol as a vehicle control. These 
seedlings were grown for four days in the dark in order to facilitate hypocotyl formation. These 
hypocotyls were then photographed, and root length and width were measured using ImageJ  
software (Fiji).  
Cellulose Staining in Seed Mucilage  
Seed mucilage staining was performed using calcofluor fluorescent brightener 28 
(Sigma). Seeds were incubated in calcofluor for 30 minutes. They were then washed in water 
and analyzed under a Zeiss LSM710 confocal microscope.   
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Discussion  
Ethylene is a widely studied plant hormone, and plays many roles in plant growth and 
development, responses to stress, and fruit ripening (Iqbal et al., 2017). Previous studies done 
by Xu et al., (2008) suggest that ACC, the precursor to ethylene, may act as a signaling 
molecule outside of the ethylene biosynthesis pathway. Experiments done on fei1 fei2 mutants 
(Xu et al., 2008) found that the fei short root phenotypes were reversed by inhibiting ACC 
synthase but not by inhibiting the ethylene response pathway. Another experiment done by Yin 
et al. (2019) suggests that ACC is required for symmetric divisions of guard mother cells 
(GMCs), which is essential for proper stomatal development and functioning. Interestingly, ACC 
mediates this in a manner that is independent from ethylene signaling, suggesting an 
independent role of ACC in cell division during stomatal development (Yin et al., 2019). A study 
by Tsang et al., (2011) found that ACC acts independently in roots during stress. If primary root 
elongation is perturbed in Arabidopsis, elongation is rapidly reduced through a pathway 
dependent on the biosynthesis of ACC, but not on the perception of ethylene (Tsang et al., 
2011). Additionally, upon treatment with flagellin-22, which mimics pathogen exposure, root 
elongation is rapidly reduced in an ACC-dependent, ethylene-independent manner, showing that 
ACC acts independently of the ethylene signaling pathway in order to allow the plant to respond 
to internal and external stressors (Tsang et al., 2011). These studies are consistent with the 
notion that ACC acts outside of the ethylene signaling pathway to elicit responses in plants that 
are crucial to their growth and development.  
In order to elucidate the role of ACC as a signaling molecule, a forward genetic screen 
was conducted to identify ACC-resistant mutants. Ethylene insensitive (ein2-5) plants were 
mutagenized and screened for a long root phenotype in the presence of ACC. From the screen, 
26 lines were isolated as promising candidate mutants. Several lines were backcrossed to their 
parental ein2-5 plants in order to create mapping populations. Whole-genome sequencing was 
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then performed on the mapping population and on individual mutants in order to identify 
suppressor genes causal to ACC insensitivity.    
Throughout the morphological assays, it was found that some acre mutants displayed 
seed mucilage and root hair defects. Because of this, morphological analyses were conducted 
on acre mutants to determine the role of ACC in plant development with a focus on cell wall 
synthesis. Several acre mutants were treated with isoxaben, an inhibitor of cellulose 
biosynthesis. The roots and hypocotyls were then measured to find mutants which were 
insensitive to isoxaben. Out of six genotypes tested, five were identified that displayed 
insensitivity to isoxaben through root measurements, and four genotypes were identified as 
being insensitive through hypocotyl measurements. Three of the genotypes were consistently 
insensitive in the root and hypocotyl assay, including acre10-2, 26-2, and 28-1. Additionally, root 
hair formation was analyzed to dissect the role of ACC in cell wall synthesis, which is sensitive 
to elevated cellulose levels. We found that several acre mutants displayed roots with few or no 
root hairs, similar to the phenotype found in the shou4-3 shou4l-1 mutant. Out of the 26 acre 
mutants tested, eight displayed roots with significantly fewer root hairs or no root hairs than the 
control. The root hairless phenotype was found to be reverted by isoxaben in acre 28-1, 32-2,  
56-1, 30-1, and 26-2, similar to what is seen in the shou4-3 shou4l1 double mutant (Polko et al.,  
2018). Morphological analyses were also performed on seed mucilage. It was noted that some 
acre mutants displayed increased seed mucilage staining, suggesting an increased amount of 
cellulose present in the mucilage layer compared to that of ein2-5. Out of 26 genotypes tested, 
six displayed increased calcofluor staining and therefore a larger amount of seed mucilage 
present. These findings suggest that ACC might play a role in cellulose biosynthesis.   
To investigate whether this might occur through transcriptional regulation of CESA 
genes, we measured levels of CESA1, CESA2, CESA3, and CESA4 in acre’s 10-2, 51-1, 7-2, 
65-2, and 30-1. These acre mutants were selected because they displayed significantly longer 
roots, or were indicative of alterations in cell wall formation from the morphological analyses. 
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Other than acre 65-2, there was no significant up-regulation of CESA transcript levels found in 
the acre mutants. Together, these findings suggest that if ACC acts as a signaling molecule to 
regulate cellulose biosynthesis and cell wall synthesis, it likely acts in a manner that is not 
dependent on the alteration of CESA expression.   
In order to determine the causative genes conferring ACC insensitivity in acre mutants, 
mapping by sequencing was conducted to identify genes that correspond to the acre mutations. 
Bulk segregant sequencing was performed on five genotypes in the mapping population in order 
to determine causal SNPs eliciting the mutant phenotype. Alongside, a comparative SNP 
analysis of independent acre lines was conducted. Mapping by sequencing of acre10 and 
comparative SNP analysis showed that acre10-2, 20-1, 26-2, and 43-3 shared mutations in the 
LHT1 gene, acre 14-1, 39-5, and 61-3 shared mutations in the DYNAMIN-LIKE gene, and 
acre13-2, 30-1, and 61-3 shared mutations in the MIDASIN gene. Past studies have indicated 
that LHT1 is involved in the uptake of ACC. Therefore, plants with mutations in this gene are 
ACC resistant due to their inability to transport ACC into the cell (Shin et al., 2015). This is seen 
in the acc-resitant2 (are2) mutant, which displayed a shorter hypocotyl and longer root 
phenotype compared to wildtype Arabidopsis (Shin et al., 2015). DYNAMIN and MIDASIN were 
of further interest in determining how these genes could cause insensitivity to ACC in ways 
which were not due to problems with the uptake of ACC. DYNAMIN-LIKE is a known GTP 
binding protein that has homologous genes in many different eukaryotic organisms. In 
Arabidopsis, studies have shown that it most likely plays a role in intracellular and vacuolar 
trafficking, along with regulation of mitochondrial morphology (Jin et al., 2003). However, the 
exact function of this gene still remains largely unknown. MIDASIN has been shown to regulate 
different stages of plant growth and development, specifically regarding female gametophyte 
development in Arabidopsis (Chantha et al., 2010). Past studies have shown that when an 
insertional midasin mutant is created, the plant is semisterile and female gamete development is 
highly affected (Chantha et al., 2010). However, a follow-up experiment performed on midasin 
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and dynamin T-DNA mutants revealed that these genes are not likely responsible for ACC 
insensitivity in acre mutants.   
Future directions include performing additional testing on genes identified from bulk- 
segregant sequencing. We are currently mapping the other five lines that have been sequenced 
by whole-genome sequencing, namely, acre 7, 26, 39, 56, and 61. The data from the 
sequencing is presently being analyzed, and the location of candidate SNPs will be determined 
in the near future. Once a gene is identified that is responsible for ACC insensitivity in acre 
mutants, the novel signaling pathway can continue to be elucidated, and its role in cell wall 
synthesis can be elaborated upon. This carries implications towards understanding cell 
signaling, as well as cell wall formation and regulation in plants, which is crucial to their growth 
and development.    
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Supplementary Information  
  
Table S1. “Y” indicates increased calcolfluor staining, suggesting increased amounts of cellulose in 6 of the 
genotypes tested and/or defects in root hair formation in 8 of the genotypes tested. “H” indicates reduced sensitivity to 
isoxaben in hypocotyls, while “R” indicates reduced insensitivity to isoxaben seen in roots. “NT” indicates acre’s not 
yet tested.   
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acre  
 
Gene  AT number  Calcofluor  Root Hair Phenotype  Isoxaben  
6-1   to be mapped  
  
N  N  NT  
7-2   to be mapped  
  
Y  Y  H  
10-2   LHT1  AT5G40780  N  N  R,H  
13-2   MIDASIN  AT1G67120  N  N  NT  
14-1   DYNAMIN-LIKE  AT1G10290  Y  N  NT  
20-1   LHT1  AT5G40780  N  Y  NT  
21-1   to be mapped  
  
N  N  NT  
22-2   to be mapped  
  
N  N  NT  
23-2   to be mapped  
  
N  N  NT  
25-3   to be mapped  
  
N  N  H  
26-2   LHT1  AT5G40780  N  Y  R,H  
28-1   to be mapped  
  
N  N  R,H  
30-1   MIDASIN  AT1G67120  Y  Y  NT  
31-2   to be mapped  
  
N  N  NT  
32-2   to be mapped  
  
N  N  R  
39-5   DYNAMIN-LIKE  AT1G10290  N  Y  NT  
43-3   LHT1  AT5G40780  N  N  NT  
44-6   to be mapped  
  
N  N  NT  
49-2   to be mapped  
  
Y  Y  NT  
51-1   to be mapped  
  
N  N  NT  
56-1   to be mapped  
  
N  N  NT  
57-2   to be mapped  
  
N  N  NT  
58-2   to be mapped  
  
N  Y  NT  
59-3   to be mapped  
  
Y  Y  NT  
61-3  
 DYNAMIN-LIKE; 
MIDASIN  
AT1G10290.1; 
AT1G67120  N  N  NT  
65-2   to be mapped   Y  N  NT  
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